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ABSTRACT: Ternary block copolymer (BCP)-homopolymer (HP)

blends offer a simple method for tuning nanostructure sizes to

meet application-specific demands. Comprehensive dissipative

particle dynamic (DPD) simulations were performed to study the

impact of polymer interactions, molecular weight, and HP volume

fraction (φHP) on symmetric ternary blend morphological stability

and domain spacing. DPD reproduces key features of the experi-

mental phase diagram, including lamellar domain swelling with

increasing φHP, the formation of an asymmetric bicontinuousmicro-

emulsion at a critical HP concentration φ*
HP, and macrophase sepa-

ration with further HP addition. Simulation results matched

experimental values for φ*
HP and lamellar swelling as a function

of HP to BCP chain length ratio, α=NHP/NBCP. Structural analysis

of blends with fixed φHP but varying α confirmed that ternary

blends follow the wet/dry brush model of domain swelling with

the miscibility of HPs and BCPs depending on α. Longer HPs con-

centrate in the center of domains, boosting their swelling efficien-

cies compared to shorter chains. These results advance our

understanding of BCP-HP blend phase behavior and demonstrate

the value of DPD for studying polymeric blends. © 2019 Wiley Peri-

odicals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2019, 57, 794–803

KEYWORDS: blends; block copolymers; dissipative particle

dynamics; simulation

INTRODUCTION Block copolymers (BCPs) consist of two or more
chemically distinct homopolymers (HPs) covalently-bound into a
single polymer. Monomer incompatibilities drive unlike blocks to
minimize their contact, but the presence of the covalent bond pre-
vents macroscopic phase separation so that BCPs self-assemble
into a variety of nanoscale morphologies to minimize their frustra-
tion.1,2 The ability to precisely control BCP domain sizes is critical
for many applications, including advanced lithography,3–6

nanoporous membranes,7–12 and biological templating.13,14 Pure
BCP feature sizes are dictated by degree of polymerization (NBCP),
architecture, relative block sizes, and block incompatibilities as
captured by the Flory–Huggins interaction parameter (χ). Swelling
domains by adding HPs to form ternary BCP-HP blends (A-b-B/A/
B) offers a simple, synthesis-free method for tuning feature dimen-
sions to meet application-specific demands.15–19 Added HPs can
also act as plasticizers, decreasing the annealing time for blends to
equilibrate while reducing the number of morphological and orien-
tational defects.5,20 If the HP has a low enough degree of polymeri-
zation (relative to the BCP), then these kinetic benefits can be
realized with negligible impact on domain spacing. Exploiting BCP-
HP blending to tune feature sizes requires a precise understanding

of how polymer chemistry, degree of polymerization, and HP con-
centration impact phase behavior and morphological stability.

Experiments conducted over a wide range of polymer chemis-
tries and molecular weights have established a general phase
diagram for symmetric (equal volume fraction, fA = fB = 0.5) ter-
nary blends.6,15,16,20–23 For BCP segregation strengths (χNBCP)
above the order–disorder transition, pure symmetric BCPs form
a lamellar structure. Blending in HPs while maintaining equal
volume fractions of A and B components initially swells the
lamellae, increasing domain sizes without changing morphology,
until a critical homopolymer volume fraction (φ*

HP), at which
point the blend assumes a bicontinuous microemulsion (βμE)
structure. The βμE displays local organization but is globally
isotropic with zero mean curvature.7 Following the βμE exists
a second critical homopolymer concentration (φ**

HP), after
which the blend macroscopically separates into two distinct
HP phases with the BCP acting as a compatibilizer at the inter-
face. These morphological phase transitions have been studied
as a function of χNBCP and the ratio of the degree of polymeri-
zation of the HPs to that of BCP, α=NHP/NBCP with NHP the
same for both added HPs.15 Experimentally, the lamellar-βμE
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(φ*
HP) and the βμE-macrophase (φ**

HP) separation boundaries
shift to lower HP volume fractions with increasing α, but are
effectively independent of χNBCP.

24

Below φ*
HP, HP addition swells the lamellae such that domain

spacing (d) monotonically increases with φHP. The swelling
efficiency of the homopolymer depends on its distribution
within the block copolymer domains.25 At one extreme,
referred to as the “wet brush” regime, the HPs and matching
BCP blocks are perfectly miscible so that HP chains are dis-
tributed evenly throughout the domain of the matching block.
In this case, the lamellae are expected to swell isotropically
with the domain spacing depending on φHP as

18,26

d =
d0

1−φHPð Þ1=3
, ð1Þ

where d0 is the lamellar domain spacing of the pure BCP. At
the other extreme, referred to as the “dry brush” regime, the
HPs do not penetrate the BCP brush layers, instead segregat-
ing to the domain centers. In this case, the lamellae only swell
in the direction normal to the lamellar plane as18

d =
d0

1−φHP
: ð2Þ

Using an experimental ternary system of symmetric poly(styrene)-
b-poly(methyl methacrylate) blended with equal amounts of
constituent homopolymers (PS-b-PMMA/PS/PMMA), Liu et al.
developed a phenomenological relationship of the same form as
eqs 1 and 2. Specifically they proposed swollen domain spacings
could be described as15

d =
d0

1−φHPð Þβ ð3Þ

where β is an empirically adjustable parameter. Theoretically, β
should interpolate between 1/3 (eq 1) and 1 (eq 2). Experi-
mentally, β was found to be a linearly increasing function of α,
indicating longer HPs more strongly dewet the BCP brushes.
Interestingly, Liu et al. reported the values of β greater than
1 for α values greater than 0.5 (where the HP degree of polymer-
ization matches that of an individual BCP block), suggesting
stretching of the HPs within a dewetted layer. We note that the
blend BCPs are not technically polymer brushes because they
are not tethered to a fixed interface but instead are able to move
along the interface to accommodate the added HP. However, we
refer to “brush wetting” and “brush dewetting” in ternary blends
for consistency with previous literature20,27–29 on the subject.

Even in the model symmetric ternary system, a multitude of dif-
ferent blends can be created by varying χ, NBCP, α, and φHP.
Molecular simulation allows for rapid exploration of blend com-
binations to optimize compositions that produce the desired
morphologies and domain spacings, thereby shrinking the
parameter space that must be examined experimentally. In this
work, we use dissipative particle dynamic (DPD) simulations to

complement the existing experimental results on symmetric ter-
nary blends. DPD has been used extensively to model bulk BCP
phase behavior since Groot and Madden first demonstrated in
1997 the ability of the technique to map BCP morphologies as a
function of χNBCP and fA, the fractional A block volume.30–34 DPD
has also been shown to reproduce experimental morphology
shifts in A-b-B/A35 and A-b-B/C36 binary BCP/HP blends. In con-
trast to mean field theories (MFTs), which neglect thermal
fluctuations,19,25,37–41 DPD simulations predict the formation of a
βμE phase in symmetric ternary blends,42 consistent with the
experimental observation. We note that field theoretic simulations
also find a βμE phase in ternary blends, but always in coexistence
with A and B homopolymer phases.39,43–45 Such three-phase sys-
tems have not been observed experimentally for α < 1.

Here, we use DPD simulations to investigate the morphology
and domain spacing of symmetric ternary blends as a function
of HP content and relative chain length. By comparing our
DPD results directly to experiments for PS-b-PMMA blended
with PS and PMMA,15 we show DPD more closely reproduces
the experimental behavior than do mean field predictions. We
then use our simulation results to explore the relationship
between chain length, HP segregation, and swelling efficiency
in ternary blends, showing that as α increases, the HP chains
segregate more efficiently within each BCP domain.

METHODS

DPD Simulation Methodology
DPD simulations of BCPs were performed using the LAMMPS soft-
ware package.46 DPD is a coarse-grained simulation technique
that groups many atomic sites together into a single effective bead
with softer interbead interactions than atomically explicit
methods. Each coarse-grained DPD bead represents tens of mono-
mer units, allowing the simulations to reach sufficient time and
length scales to study mesoscale BCP assembly. Significantly, DPD
retains the inherent thermal fluctuations eliminated from MFTs
that can be significant in polymer phase behavior.30,47–49

Interparticle forces in DPD are broken up into a sum of

pairwise conservative (FC
ij), dissipative (FD

ij ), and random (FR
ij)

forces between particles i and j. Interactions between bonded

particles are modeled using a Hookean spring (FS
ij), which

enforces bead connectivity and polymer architecture. The net
force on DPD bead i is subsequently determined as a sum
over interactions with all other beads in the simulation14,15

F i =
X
j 6¼i

FC
ij + F

D
ij + F

R
ij + F

S
ij: ð4Þ

This force governs the time evolution of the particle system
according to Newton’s Laws of Motion; our simulations use
the velocity Verlet algorithm50 with a timestep Δt=0.025. The
mass of each bead in the simulation is assumed to be m = 1.

The conservative (energy-conserving) force enforces the
chemical identity of the constituent coarse-grained bead,
modeled in DPD as a soft repulsive interaction
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FC
ij =

aij
rc

1−
rij
rc

� �
r̂ ij rij < rc

0 rij ≥ rc

8<
: , ð5Þ

where aij is the DPD interaction parameter between beads i
and j (dependent on the chemical identities of the interacting
beads) that represents the maximum repulsion at complete
overlap, rij is the distance between interacting beads,

r̂ij = rij=rij = ri−r j
� �

=rij is the normalized direction vector

pointing from j to i, and rc is the cut-off distance after which
interbead interactions vanish. For simplicity, we set rc = 1 for
all interbead interactions. The interaction between like beads, aAA
and aBB, which is set to 25, establishes the compressibility of the
system while the interaction between unlike beads, aAB, controls
miscibility between the two blocks.14 The value of aAB chosen for
this work ensured phase separation at low NDPD and equilibration
of simulations on reasonable time scales at high NDPD. At a bead
number density of ρ = 3 (the density of the simulations conducted
here), the interbead interactions can be mapped to the Flory–
Huggins χ parameter via the correlation30

χ =
1

3:27
aAB−aAAð Þ: ð6Þ

We note that as DPD is a coarse-grained simulation technique, we
cannot directly compare simulation and experimental values of χ.
Rather, DPD values of χ are typically calculated tomatch the exper-
imental segregation strengths, that is, χNBCP|DPD = χNBCP|expt, to
affect a meaningful comparison between simulation and experi-
ment.34 The simulations in this study were conducted with aAB =
65 and 6 < NDPD < 16, which corresponds to a segregation
strength range of 72 < χNBCP|DPD < 195.

The dissipative force accounts for the viscous drag of the mul-
tiple atomic sites condensed onto a single coarse-grained
bead. DPD models the dissipative force as

FD
ij = −γωD

ij rij
� �

vij �rij
� �

r̂ ij , ð7Þ

where γ is the friction coefficient, and vij = vi − vj is the rela-
tive velocity between particles i and j. The random force
accounts for thermal Brownian kicks from the coarsened
degrees of freedom, modeled in DPD as

FRij = −σωR
ij rij
� � ζijffiffiffiffiffi

Δt
p r̂ij , ð8Þ

where σ is a constant noise amplitude related to the tempera-
ture, and ζij is a Gaussian random number with a mean of
zero and unit variance. The fluctuation dissipation theorem
imposes the following constraints on the distance dependent
weight functions ωD

ij rð Þ and ωR
ij rð Þ and the amplitudes of the

viscous and random forces51:

ωD
ij rij
� �

= ωR
ij rij
� �h i2

ð9aÞ

and

σ2 = 2γkBT , ð9bÞ

where kBT is the product of the Boltzmann’s constant and the
absolute temperature. Taken together then, eqs 7–9 act as a
thermostat ensuring DPD simulations sample the canonical
(constant NVT) ensemble. As the form of one of the weighting
functions appearing in eqs 7 and 8 is arbitrary, for simplicity
DPD simulations adopt the expression

ωD
ij rij
� �

= ωR
ij rij
� �h i2

=
1− rij

rc

� �2
rij < rc

0 rij ≥ rc

8<
: , ð10Þ

which vanishes beyond rc, like the conservative force. Here,
we assume kBT = 1 and σ = 3 (γ = 4.5) as recommended in
Reference 47 to ensure fast, stable simulations.

Finally, the Hookean spring force in eq 4 is a second conserva-
tive interaction only between bonded beads that enforces
intramolecular polymer connectivity. The spring force is eval-
uated as

FS
ij = krij r̂ij , ð11Þ

where k is the spring constant, assumed here to be equal to
4,30,48 independent of the chemical identity of the bonded
monomers.

Canonical ensemble DPD simulations were performed of Am-b-Bm
BCPs blended with their constituent homopolymers (An and Bn)
where the subscripts n and m denote the number of DPD beads
in the respective polymer segments and thereby represent the
degree of polymerization. In all cases, equal amounts of An and
Bn HPs were added so that the blend retained the composition of
the neat block copolymer. Homopolymer was added to the
BCP in 10% increments to form blends that ranged from 0 to
80% homopolymer by volume. All blends consisted of 81,000
total beads in a periodic, cubic simulation box with side length
L = 30, corresponding to a bead number density of ρ = 3. Simu-
lations were started from random initial configurations and
equilibrated for at least 106 timesteps. Following equilibra-
tion, production simulations were conducted for 5×105

TABLE 1 Summary of Ternary Blend Simulations Performed

NBCP NHP α

10 2 0.20

10 3 0.30

10 4 0.40

10 5 0.50

6 3 0.50

16 8 0.50

16 12 0.75

6 5 0.83

10 10 1.00
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timesteps. Structural quantities were calculated from configu-
rations generated during the production run by averaging
over a minimum of 50 configurations evenly sampled over the
entire production run. All simulations were performed on the
Ashbaugh group Dell cluster.

DPD results were compared with experimental ternary blends of
roughly symmetric poly(styrene)-b-poly(methyl methacrylate)

(PS-b-PMMA) with PS and PMMA homopolymers described in
Reference 15. Note that domain spacings and morphology identi-
fications of the experimental PS-b-PMMA/PS/PMMA blends are
taken from Reference 15 but the images in Figure 2 from which
these values were determined were not published previously.
Due to the highly coarse-grained nature of DPD, comparisons
were made between simulation and experiment based on
α = NHP/NBCP (ratio of HP to BCP length), rather than absolute
chain lengths (Tables 1 and 2).

Structural Analysis
Ordered nanostructures were initially identified visually by
rendering the equilibrated simulation box using the program
Visual Molecular Dynamics.52 This visual identification was
subsequently confirmed by evaluating the A monomer static
structure factor

SAA qð Þ = 1

nA

XnA
j =1

eiq�rAj
					

					
2* +

, ð12Þ

where rAj is the position vector of A bead j, nA is the total

number of A beads, q= qx î+ qy ĵ + qzk̂ represents a wave

vector,32,53,54 and the angled brackets h…i denote averaging
over configurations and wave vector orientations. We note that
due to the symmetry of the simulations SAA(q) = SBB(q). Due to
the cubic symmetry of the simulation box, the allowable wave
vector set is {qx,qy,qz} = {2πl/L, 2πm/L, 2πp/L} where l, m, and p
are integers from −15 to 15 excluding q=0. Our calculated

FIGURE 1 Calculation of domain spacing (d0) for a pure A5-b-B5 BCP. The subscript 0 indicates the domain spacing of a pure BCP.

(a) Snapshot of the equilibrated lamellar BCP. (b) In real space, d0 is determined as the space between intersection points of g(r) for
like and unlike bead pairs. (c) In Fourier Space, d0 is calculated from the primary scattering peak as d = 2π/q*. (d) From density

profiles, d0 is readily calculated from the length of the repeat unit. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Summary of Ternary PS-b-PMMA/PS/PMMA Blend

Experiments Conducteda

MPS − b − PMMA/MPS/MPMMA
b α

104/20.8/20 0.20

104/39/37 0.37

104/56.5/52 0.52

104/77/75 0.73

104/102.6/102.7 0.99

a These experiments were originally reported in Reference 15. As the

lengths of the homopolymers cannot be precisely controlled, the ratio

of the homopolymer to block copolymer chain lengths is determined by

the geometric mean as α= MPS

F PS

� �
MPMMA

F PMMA

� �h i1
2

= MPS−b−PMMA

F PS−b−PMMA

� �
, where Mi and

Fi are the number average molecular weight and mean monomer for-

mula weight of polymer i. When MPS/FPS =MPMMA/FPMMA the geometric

mean calculation of α reduces to that evaluated from simulation.
b The molecular weights reported in this table are in kg/mol. The molecu-

lar weights of the PS and PMMA blocks of the polymer are 52 kg/mol a

piece for a total molecular weight of 104 kg/mol. The formula weights

of the PS and PMMA monomers are 104.1 and 100.1 g/mol,

respectively.
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SAA(q) is proportional to the experimental X-ray scattering inten-
sity and the fast Fourier transform (FFT) of real-space BCP
images between q = 2π=L≈0:2 and q = 2π=rc≈6:3. On the low end,

the reliable q values are constrained by the simulation box
length (L = 30), and at high q, we are limited by the approxi-
mate size of a DPD bead (rc = 1). The polymer morphology is
identified based on the ratio of the higher-order peaks relative
to the primary peak at q*.26,55

Domain spacings were calculated using the radial distribution
functions between like and unlike beads, gAA(r) and gAB(r).
Specifically, d is the distance between the first and third (or i
and i + 2) crossing points between gAA(r) and gAB(r).

56 The
radial distribution functions are related by Fourier transform

to SAA(q) so d can also be calculated based on the location of
the primary scattering peak as26

d =
2π

q*
: ð13Þ

An alternate method for measuring lamellar domain spacings in
simulation is to calculate density profiles of A and B beads along
the direction normal to the lamellar interface. The distance
between the first and third (or i and i + 2) crossing points of ρA
and ρB gives the domain spacing. This density profile method pro-
vides an independent verification of the g(r) calculations. Figure 1
demonstrates the use of gAA(r), SAA(q), and density profiles to

FIGURE 2 (a) Morphology snapshots and (b) static structure factors S(q) of simulated A5-b-B5/A4/B4 ternary blends (α = 0.4) with

increasing homopolymer content (φHP). The perfect symmetry of the DPD blends causes extinction of even-ordered peaks in the

simulated S(q). (c) Scanning electron microscopy (SEM) images and (d) static structure factors S(q) (calculated by FFT of SEM

images) of experimental PS-b-PMMA/PS/PMMA ternary blends with α = 0.37. In both experiment and simulation, the phase

transition from lamellar to βμE occurs between φHP = 0.3 and 0.6 and the βμE to droplet microemulsion/two-phase transition

occurs between φHP = 0.6 and 0.8. The scale bars in images (a) and (c) correspond to ~250 nm. [Color figure can be viewed at

wileyonlinelibrary.com]
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evaluate lamellar domain spacing in symmetric ternary blends.
All methods give d spacings within 1% of each other.

RESULTS AND DISCUSSION

The impact of blending increasing amounts of homopolymer
with a block copolymer (α ≈ 0.4) on melt morphology is illus-
trated in Figure 2. Qualitatively, simulations of ternary blends of
A5-b-B5/A4/B4 show with increasing homopolymer volume frac-
tion the lamellar polymer structure initially (up through φHP =
0.5) swells (i.e., the lamellar domain spacing increases) and
develops increasing interfacial fluctuations as the homopolymer
fluidizes the nanostructure, increasing the flexibility of the lamel-
lar interface. By φHP = 0.6, the blend has formed a bicontinuous
microemulsion (βμE) and at φHP = 0.8, it is phase-separated with
BCP molecules at the interface (Fig. 2a). The scattering structure
factors evaluated from our simulation configurations confirm this
trend (Fig. 2b). For the lamellar domains (φHP ≤ 0.4), the scatter-
ing intensity displays two peaks at q* and 3q*. The expected
peak at 2q* for lamellae is not observed due to destructive inter-
ference from perfectly symmetric lamellar systems canceling out
the even-ordered peaks.55 In the case of the bicontinuous struc-
ture (φHP = 0.6), the structure factor exhibits only one peak asso-
ciated with the correlation length of the blend.7,23 For the phase
separated blend, the scattering intensity increases with decreas-
ing values of q, but a peak is not observed.

The trends observed in simulation mirror those determined
experimentally. Scanning electron microscopy (SEM) images of
perpendicularly oriented thin films of PS-b-PMMA/PS/PMMA
ternary blends with α = 0.37 are shown in Figure 2c. For homo-
polymer volume fractions of φHP = 0 and 0.3, the SEM images dis-
play lamellar domains with spacings of ~50 nm. At φHP = 0.6, the
lamellar order dissipates forming a βμE with no apparent long-
range correlations between domains. At φHP = 0.8, the individual
polymer domains have coalesced to form a phase that Reference
15 refers to as a “droplet microemulsion” as the length scale of
macrophase separation is still on the micron length scale. How-
ever, in our simulations, this droplet microemulsion phase is
indistinguishable from true macrophase separation due to simu-
lation box size. The 2D-Fourier transform of these SEM images
corroborates this assignment of polymer nanostructures
(Fig. 2d). Specifically, the lamellar phases (φHP = 0 and 0.3)
exhibit peaks in scattering intensity at q*, 2q*, 3q*, and 4q*, while
the βμE (φHP = 0.6) phase only exhibits a single scattering peak,
and the droplet emulsion exhibits a single peak at exceptionally
low q, well above the length scale we can probe with our simula-
tions. The agreement between experiments and our simulations
gives us confidence that DPD provides a realistic description of
the phase behavior of ternary Am-b-Bm/An/Bn blends.

The relationship between homopolymer content, relative chain
lengths, and ternary blend nanostructure is reported in Figure 3.
Qualitatively, DPD simulation and experiments with PS-b-
PMMA/PS/PMMA thin films both show the microemulsion chan-
nel gradually shifting to lower homopolymer content with increas-
ing α, indicating that longer homopolymer chains more effectively
disrupt the lamellar nanostructure. DPD predictions for both φ*

HP,
the homopolymer content at which the blend transitions from

a lamellar structure to a βμE, and φ**
HP, the blend composition

at which macrophase separation occurs, track closely with
experimental observations for α > 0.2. The simulated φ*

HP and

φ**
HP values begin to deviate from experiment for the shortest

chain lengths simulated when α= 0.2, corresponding to a
blend of A5-b-B5 with A2 and B2 HPs. This discrepancy is due
to the A and B “chains” becoming too short (2 DPD beads
each) at small α to exhibit full polymeric behavior. Despite
this discrepancy in the morphology transition, the α= 0.2 case
is still used in the study of domain swelling as the lamellar
and BμE features follow the same domain spacing scaling with
φHP (see Figures 4–6 and surrounding discussion), making the
exact location of φ*

HP irrelevant for that analysis.

MFT does not predict the existence of a microemulsion phase,
instead finding that the lamellar period swells with increasing
homopolymer content until it diverges at an unbinding transi-
tion determined by the analytical expression38,57

φ*
HP,UT =

1

1 + 2α2
forα< 1: ð14Þ

According to MFT, ternary Am-b-Bm/An/Bn blends only exhibit a
single critical homopolymer concentration at φ*

HP,UT after which

FIGURE 3 Morphologies observed in DPD simulations of Am-b-
Bm/An/Bn blends as a function of φHP and α. Black squares, red

circles, and blue triangles indicate lamellar, microemulsion, and

two-phase microstructures, respectively. Empty and filled green

stars indicate φ*
HP and φ**

HP observed in PS-b-PMMA/PS/PMMA

blends,15 respectively. The experimental phase transitions are

shown halfway between the greatest φHP for which the lamellar

(microemulsion) morphology was observed and smallest φHP

that displayed a microemulsion (macrophase separated)

morphology. The gray dotted line indicates the MFT prediction

for the unbinding transition (eq 14).38,57 [Color figure can be

viewed at wileyonlinelibrary.com]
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the system undergoes macrophase separation. While eq 14
qualitatively captures the experimental and simulation shift in
the stability boundary for the lamellar structures to higher
concentrations with decreasing homopolymer length, MFT exag-
gerates the dependence of the critical concentration on α,
overpredicting the lamellar stability as α tends toward 0 and
underpredicting the lamellar stability as α tends toward 1.
Comparatively, our DPD simulations provide a more accu-
rate description of the experimental phase behavior. The
reliability of DPD’s predictions may be attributable to its
inclusion of thermal fluctuations absent from MFT. This
proposition is supported by experimental23 and computa-
tional42 results demonstrating that the bending modulus of
the lamellar interface, κ, decreases with increasing homopol-
ymer concentration, with the lamellar/microemulsion phase
boundary occurring when κ~kBT.

Having established the stability limits of the lamellar phase upon
homopolymer addition, we now focus on the impact of HP addi-

tion on lamellar domain swelling for φHP ≤φ*
HP. The lamellar

domain spacings of ternary Am-b-Bm/An/Bn blends as a func-
tion of φHP for α= n/(2m) = 0.5 with m = 3, 5, and 8 are
depicted in Figure 4a. As the HP concentration increases, our
simulations find that d increases in a manner consistent with
Liu et al.’s empirical model with an empirical swelling exponent of
β = 1.12, which was calculated by fitting eq 3 to experimental mea-
surements for PS-b-PMMA/PS/PMMA blends.While there is scatter
in the simulation results, there is no clear trend between the results
for different BCP lengths and the agreement between the data for
the three different BCP lengths considered is quite good. This sug-
gests the dominant contribution to the fractional extent of polymer
swelling for fixed α is the HP concentration and not the absolute
lengths of the constituent polymers, as postulated in the theoretical
development above and consistent with previous experimental
studies of ternary blends in the bulk and thin films.15,21

Figure 4b shows the dependence of domain spacing on homo-
polymer length in A5-b-B5/Am/Bm blends. Simulation results
indicate that domain swelling increases with α for a given vol-
ume fraction of homopolymer in the blend; that is, longer homo-
polymers are more efficient at swelling BCP domains. We fit our
simulation results to eq 3, calculating β for each set of simula-
tions at a constant α value by least squares fit. We then plot the
resultant models on Figure 4b to demonstrate that the eq 3
model is able to describe our swelling results in lamellar (cir-
cles) and bicontinuous microemulsion (triangles) morphologies.

We next compare our simulation swelling to experimental
data by analyzing the relationship between α and β. Liu et al.
found that β was a linear function of α, given as:

β αð Þ= 1:067α+ 0:4767: ð15Þ

FIGURE 4 (a) Comparison of DPD simulation (An-b-Bn/Am/Bm,

colored circles) to experimental15 (PS-b-PMMA/PS/PMMA, black

crosses) swelling when α = 0.5. The overlap of DPD data points for a

given α value shows that swelling is controlled by the ratio of HP to

BCP lengths, rather than the absolute chain lengths involved.

(b) Lamellar swelling from DPD simulations (A5-b-B5/Am/Bm,

colored circles) demonstrates that swelling efficiency increases

with α. Lines represent fits of simulation data to eq 3. In both

figures, circles indicate lamellar morphologies and triangles

represent the bicontinuous microemulsion. [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 5 Comparison of β values calculated by fitting lamellar

and bicontinuous phase domain spacings measured in DPD

simulation (solid squares) and experiment (hollow circles) to eq

3. The solid line represents the original Liu et al. prediction

(eq 15)15 and the dashed lines give the wet (β = 1/3) and dry (β =

1) brush predictions. Both simulation and experiment show a

flattening of the β(α) curve above β = 1 not captured by eq 15,

suggesting that the dry brush conformation represents the

maximum swelling attainable in a nanostructured ternary blend.

[Color figure can be viewed at wileyonlinelibrary.com]
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This relationship came from fitting to eq 3 the domain spacings
formed by PS-b-PMMA/PS/PMMA blends at constant α and φHP

ranging from 0 (pure BCP) to 1 (pure HP). Calculating β(α) over
this wide range of φHP meant that sizes of lamellar, bicontinuous
microemulsion, droplet, and macrophase separated morphol-
ogies were all included in the fit. However, we are unable to
obtain accurate domain spacings for droplet microemulsion and
two-phase morphologies as their feature sizes are larger than
our simulation box in many cases. We instead focus on swelling
in the nanostructured part of the ternary phase diagram, that is,
the lamellar and bicontinuous morphologies. When we fit our
simulated domain spacings for φHP<φ**

HP to eq 3 and calculate
β(α), we obtain the red squares shown in Figure 5. To ensure
a more fair comparison between simulation and experiment
then, we refit eq 3 to the experimental results through the
bicontinuous microemulsions only. This refitting yields the
gray circles reported in Figure 5.

The horizontal lines in Figure 5 denote the idealized “wet
brush” (homopolymers mixed throughout BCP domains, β =
1/3) and “dry brush” (homopolymers localized in domain cen-
ters, β = 1) swelling regimes. Below α = 0.5, β increases with
α toward the dry brush prediction (β = 1), supporting the idea
that ternary blends show more dry brush character as homo-
polymer chain length increases. We note that all of the blends
we studied showed β well above the wet brush model (β =
1/3), suggesting that blends must contain very short homo-
polymer chains (α < 0.2) to exhibit complete miscibility of the
block copolymers and homopolymers within the lamellae.

For α > 0.5, the simulation results begin to deviate from eq 15
with simulation values of β flattening as α approaches unity.
The refit experimental data show the same leveling off at β =
1 and a near-quantitative match with our simulations. This
result should not be surprising since, according to the dry
brush model, when β = 1, the HP are completely segregated in
the center of the nanostructures, thus swelling lamellae only

in the direction normal to the interface. A β value greater than
1 would indicate that the HP are not only completely segre-
gated from the BCP, but are also stretching beyond their neat
coiled dimensions in the blend. We conclude that, while β ini-
tially increases with α, it cannot increase significantly beyond
the dry brush prediction in nanostructured blends. The appar-
ent super swelling (β � 1) observed experimentally is actu-
ally an artifact of changes in the blend structural morphology
following the bicontinuous microemulsion.

Finally, we investigate our simulation results for validation of
the wet brush/dry brush mixing model between BCP brushes
and HP monomers in lamellar domains. Figure 6 quantifies
the distance of an individual monomer from the interface
between the A and B domains. Given the difficulty of precisely
defining the distance of a monomer from the interdomain
interface for a given simulation snapshot, we approximate that
value here by determining the shortest distance of a given
monomer to the midpoint of the bond linking the A and B
chains of any of the BCPs. The sharp BCP peak at low
z represents the location of the interfacial A and B beads rela-
tive to the midpoint of the bond between them, which we find
has an average length of ~0.9 DPD units. Thus, the distance
z of the interfacial DPD beads to the defined interface should
be ~0.45 DPD units on average, giving a very high probability
that there will be a bead in the range 0.4 < z < 0.5, followed
by a low probability of DPD beads 0.5 < z < 0.6 due to
excluded volume effects from the interfacial beads. The
broader peak located at higher z represents the distribution of
beads partitioned toward the middle of the lamellae.

As we can see in Figure 6, the shorter HP chains (α = 0.2) pen-
etrate more deeply into the BCP brushes than the longer HPs
(α = 1.0). This dewetting of the brushes smoothly increases
between α = 0.2 and α = 1.0 (results not shown). The bound-
ary between the dewetted BCP/HP layers (α = 1.0) is not
sharp as implied by eq 3 with β ~ 1, but exhibits some HP

FIGURE 6 Probability density of observing BCP and HP monomers at a distance z from the A/B domain interface. The distance from the

interface z is approximated by determining the minimum distance of a given monomer from the midpoint of the bond linking the A and

B chains of any of the BCPs. Results are reported for BCPs of lengthN = 10 and α = 0.2 and 1.0 with φHP = 0.10. The distributions for the A

and B domains are equivalent due to the symmetry of the system. [Color figure can be viewed at wileyonlinelibrary.com]
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penetration into the brush. We do observe that the longer HPs
extend further from the A/B domain than the short HPs, indic-
ative of increased swelling of the lamellar domain by the lon-
ger HPs. Thus, we conclude that despite the accuracy of eq 3
at describing the swelling of the mixture features, the expo-
nent β does not fully capture the extent to which homopoly-
mers wet/dewet the BCP brush layer; that is, even when
β = 1, the homopolymers are not fully segregated from the
BCP. As an aside, it is interesting to note that the brush mono-
mer distributions are, to a first approximation, relatively
insensitive to changes in wetting with increasing HP length.
Nevertheless, we do observe the shoulder in the BCP mono-
mer distribution near z ~ 1.25 extends slightly further from
the A/B interface for the shorter HPs (α = 0.2) than the longer
HPs (α = 1.0). This is indicative of weak swelling of the brush
domain with decreasing HP length.

CONCLUSIONS

Comprehensive DPD simulations were performed to gain
insights into the impact of adding homopolymers of varying
lengths on the swelling and stability of symmetric ternary
block copolymer-homopolymer blends (An-b-Bn/Am/Bm). Our
simulations reproduced the essential features of the experi-
mental phase diagram, including: swelling of lamellar BCP
domains with initial HP addition; formation of a bicontinuous
microemulsion structure at a critical HP volume fraction φ*

HP;
and macrophase separation with ever increasing HP addition
at φ**

HP > φ*
HP. DPD simulation predicted φ*

HP as a function of α,
the ratio of the HP to BCP chain lengths, more accurately than
MFT, likely due to DPD’s inclusion of thermal fluctuations that
play a critical role in microemulsion formation. Our simula-
tions also accurately predicted the extent of lamellar swelling
with HP addition and changes in α. Specifically, we observed
variations in the mechanism of domain swelling from wetting
of the BCP brushes for shorter HPs (α < 0.5) to nearly com-
plete brush dewetting for even longer HPs, in excellent agree-
ment with experimental observations. Our simulations, in
turn, allowed us to observe the progressive dewetting of the
BCP brushes by HPs of increasing length at a fixed φHP.
Although theory (eqs 1 and 2) would suggest that the expo-
nent (β) of the empirical model for domain swelling (eq 3)
could be interpreted as a descriptor of HP/BCP segregation,
our simulations find that the HPs and BCP brushes never
completely segregate even for β = 1 (eq 2). Instead, HPs of
increasing length progressively withdraw from the BCP layer
to the domain centers, but always exhibit some brush overlap.
For α> 0.5, β plateaus at a value slightly higher than the theo-
retically predicted β = 1 (eq 2), suggesting that perhaps BCP
and/or HP chains are slightly stretched in these blends. How-
ever, analyses of radius of gyration and bond lengths from
DPD simulations (data not shown) did not provide evidence
of such chain stretching, so we conclude that within simula-
tion and experimental uncertainty, our results do not deviate
significantly from theory. Thus, β provides an excellent quanti-
tative prediction for domain swelling and a qualitative indica-
tor of wetting/dewetting, but it does not accurately represent
the extent of segregation between the HPs and BCPs. The

results presented here are important to the fundamental
understanding of BCP-HP blend behavior and the use of HP
blending to tune nano and microstructure size and morphol-
ogy. This work also demonstrates the value of DPD simula-
tions for studying block copolymer blends.
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